Background: Billions of people lack clean drinking water access. Many of the same people lack clean cooking systems, which can purify water by boiling, a viable form of decentralized water treatment. The combined health consequences of water scarcity, waterborne disease and smokerelated illnesses from burning solid fuels indoors can be addressed via clean cooking technologies such as parabolic solar cookers (PSCs).
INTRODUCTION
Providing clean drinking water to the growing world population is a formidable challenge set by the United Nations (UN) as Goal 6 of the Sustainable Development Goals (SDGs) for 2030. Nearly 1.8 billion people worldwide lack access to clean water, and that number is expected to increase [1] . Boiling water at home is a recommended method of decentralized drinking water treatment [2] . However, approximately 3 billion people lack clean cooking energy [3] . Providing clean drinking water is an energy-water nexus problem due to the provision, costs, and affordability of energy for impoverished people who lack clean drinking water.
Background
Primarily in rural areas of low-income countries (LICs), 2.8 billion people worldwide rely on solid fuels to meet their domestic thermal energy needs, such as cooking, hot water, and home heating [4] . Reliance on solid fuels, such as wood, biomass, coal, and animal dung can be detrimental to both human and environmental health in addition to its negative socio-economic effects. Indoor air pollution caused by smoke and particulate matter from burning solid fuel is estimated to cause 4 million deaths per year-more than other highly publicized diseases in LICs, such as tuberculosis, malaria, or HIV/AIDS [5, 6] . Environmental effects from the use of biomass fuel include both immediate deforestation from fuelwood collection and long-term climate change caused by the release of greenhouse gases and black carbon [7] . Additional societal impacts include Policies promoting rural household biogas digesters increased their use from 8 million to 40 million in 2001-2010 [17] .
Anding district
Anding district is in Dingxi City prefecture in Gansu province, in northwestern China. It has a semi-arid climate with an average annual rainfall of 400 to 600 millimeters (about 15.75 to 23.62 inches) [18] . Water scarcity problems from groundwater salinity and lack of running water leave most residents dependent on precipitation for drinking water.
Because rainfall varies greatly both seasonally and year-to-year, rainwater storage is a necessity [19] . Poverty is a particular problem because of poor soils in this predominantly agricultural region [20] . Chinese government leaders have particularly targeted poverty reduction efforts for 2020 [21] in Dingxi prefecture, where Anding is located, because poverty is exacerbated by water scarcity [22] .
Solar cookers
Solar cookers are devices that concentrate and absorb sunlight to heat food and liquids. A PSC resembles a satellite dish ( Figure 1A) , concentrating the sun's rays onto one central target to achieve temperatures as high as 200 °C [23] . Parabolic solar cooker design does not allow for easy adjustment of cooking speed and temperature, which can make cooking food difficult [24] but not boiling water. Successful adoption and use of solar cookers is challenging because functionality is limited to daytime hours and is further restricted by normal variations in sunshine.
The user behavior of pouring boiling water into insulated bottles ( Figure   1B ) allows users to utilize PSCs when the sun is shining and then continue to enjoy hot water long after it has set. Depending on the design, PSCs have energy efficiencies ranging from 26 .6% [25] to 32.97% [23] for cooking and more than 60% for water boiling [26] . Many areas in China, including Anding district, are able to locally manufacture PSCs similar to Figure 1A from cement, mirror pieces, and metal [26] . Parabolic solar cookers may be utilized worldwide in areas with abundant and consistent sunlight. Southeast Gansu (including Anding) receives between 3.8-4.5 [27] and 4.5-5.5 kWh/m 2 of daily solar irradiation [28] totaling 2200-3000 h of sunshine annually. Thus, PSCs can function for 150-200 days of the year in Gansu [27] .
After the initial purchase of a PSC, there is no further cost in terms of money or time spent to procure fuel. Estimates of cost reduction go as high as 36% for fuelwood substitution by solar cookers [29] . Fang & Li (2013) report a household solar cooker can save approximately 1000 kilograms of fuelwood in China annually [27] . Although not explicitly stated, Fang & Li's 2 m 2 solar cooker is most likely a PSC due to its large size.
Cultural barriers to user acceptance of PSCs
Cultural barriers have significantly limited the use of solar cookers and must be addressed to facilitate more widespread adoption of this technology [29, 30] . Most studies of the acceptance of solar cookers have been conducted by manufacturers/designers of the technology [31] , which presents bias. Pro-solution biases are common in much of the academic literature on solar cookers in general [32] . Using PSCs to boil water has the benefits of convenience, cost savings, and improved health outcomes that possibly would allow PSCs to gain preference over other technology-fuel combinations for users. Yet, PSCs are unlikely to achieve acceptance for all of a user's cooking needs. Barriers to PSC use for cooking include adaptations for meal planning, longer cooking times, changes to food tastes and textures, and aversion to cooking outdoors among other concerns [10, 33] . However, just as culture can prevent barriers to adoption of solar cookers, it can also play a role in fostering adoption of the technology [34] . Fewer barriers in general exist for water boiling with solar cookers than for cooking food. 
Energy ladder versus multiple fuel use model
The energy ladder model of cooking fuels labels fuels on a continuum from inconvenient and dirty for the user to convenient and clean, with electricity at the apex. However, electricity generation, especially from coal, can create regional air pollution problems even though it does not cause indoor air pollution problems in the home. Electricity generated from solar or wind resources does not create air pollution during use and so is labeled as a cleaner fuel in Figure 2 . Solar and biogas are notably absent in several articles about the energy ladder, e.g., [35] [36] [37] . The energy ladder presented in [38] has been revised in Figure 2 to include these renewable energy sources, and reflects the relative population size of different income levels around the world based on World Bank PovcalNet data [39] . Spacing between income brackets in Figure 2 represents relative proportion of people worldwide. Darker colors represent higher demandside emission rates, and lighter colors represent lower demand-side emission rates.
A Global Alliance for Clean Cookstoves report by Cashman et al (2016) [40] ranks energy sources for cooking in China by average emission factor for CO2, CO, methane, NOx, and PM2.5 in weight/joule from highest to lowest. This ranking from dirty to clean is displayed in Figure 2 as unprocessed biomass (black), fossil (solid) (dark grey), processed solid biomass (medium gray), liquid/gas (light gray), and other (white). Figure 2 takes a conservative approach to evaluating biogas as an energy source with regards to emissions. Regional differences in cultivation of biogas inputs impact whether net emissions exist [41] . Methane leaks from household biogas can vary by digester type, and the overall emission reductions achieved are affected by the type of fuel for which it serves as a substitute [42, 43] .
Figure 2.
The Energy Ladder adapted from Rehfuess (2006) [38] to include solar and biogas energy. [48] and one-way analysis of variance (one-way ANOVA) [49] with Tukey post hoc testing to compare whether differences existed between groups' expected and observed frequency [48] and the means of multiple groups [50] .
Data Collection
Data for this research was obtained through household energy and water use surveys completed in August 2010 in Anding district [47] . On July 27th, 2010 A. R. Clarke-Sather and J. Qu obtained permissions from a Human Subjects Review Committee at the Lanzhou branch of the Chinese Academy of Sciences (CAS) for the project entitled "Environmental life cycle assessment and efficient use of energy resources" that encompasses human subjects research data analyzed in this paper and in [47] .
Researchers surveyed more than 10% (n = 237) of the 2300 households in 36 neighborhoods within five towns. Three teams of two students conducted each survey in Mandarin Chinese. The students were at the graduate (1), undergraduate (4), and high school (1) level. Only household respondents who voluntarily agreed to participate were surveyed.
To obtain survey responses from a randomized sampling of households, researchers received a list of residential addresses from a neighborhood leader, town mayor, or another government official. Research teams surveyed every 10th household from that list, for example by visiting the third, 13th, and 23rd household listed. If an adult (age 18 or older) was not willing or available to participate at a designated household, the survey team moved to the house before or after it on the list. Local officials were not involved in the selection of which households to survey. Household residents were not pressured to participate, nor to answer any questions they preferred not to answer. A more detailed description of this method is available in previous work [47] . This randomized household sampling approach is used for research in other parts of the world, including the U.S. [51] .
Data Analysis
Energy and water use data self-reported by household survey respondents in all five towns was considered together. All water purification occurred by boiling, although different technologies and fuels were used to do so ( can be used with more than one type of fuel, e.g., coal and/or biomass.
Water boiling technology-fuel combinations
Households often use more than one technology-fuel combination. All groups utilize multiple fuels, both clean and dirty as described by the energy ladder found in Figure 2 . The total number of households in each PSC user group is labeled on the top row. For the groups that do not have or do not use PSCs, the most common technology-fuel option was a stove burning coal or a stove burning biomass. which is commonly interpreted as independence between variables [48] .
A one-way ANOVA was used to compare averages and identify differences among the groups. A one-way ANOVA is used in place of a t-test when there are means from more than two groups to compare regarding a single dependent variable [49] . Because the dataset considered four groups, a one-way ANOVA was necessary for comparing the groups' mean energy use and costs. The Tukey post hoc test was used to compare individual differences found between the means of different groups [50] .
All statistics were described as showing significant difference at a 95% confidence level, i.e., p < 0.05.
IBM SPSS Statistics 24 software was used to carry out statistical analysis of the one-way ANOVA where the following assumptions had to be valid: For Assumption 5, the Shapiro-Wilk test was used to test for normality [53] .
The Shapiro-Wilk test generated a Normal Q-Q plot for each solar user group where most points on each plot fit on the line of best fit for expected normal. For Assumption 6, Levene's test was run to determine whether homogeneity of variances exist [54] .
RESULTS
Households in the Anding district use a combination of technologies and fuels for different energy end use purposes. Figure 4 shows Two types of stove technology were used in Anding district households, luzi (home heating stoves that can only burn solid fuels; Figure 6A ) and
Zao (cooking stoves that can only burn gaseous fuels; Figure 6B ). Both Households were asked about frequency of use for the solar stove and twenty other household appliances as well. Respondents varied in the details of their answers in responding to this question. On the more detailed level, one respondent reported using the solar stove 20 days out of each month throughout the year, and another respondent reported using the stove for 3 h every day in the summer. On the less detailed end, three different respondents reported using their stoves every day when there is sun, every day in the summer, and every day, respectively. An assumption was made from less detailed information to add those who reported using their solar stoves when there is sun or every day into the all year category at 150 days per year from information given in [27] .
Similarly, it was assumed that 75 of those days occurred in summer and 75 in winter, which is a reasonable assumption in the semi-arid climate of Anding district. Pearson's chi-squared statistic was calculated to compare whether the PSC user groups created (All Year, Summer Only, No PSC Use, No PSC) were independent and had a relation to the PSC use seasonally of survey respondents (summer, all year, and no use). The chi-square statistic specifically considers whether there is a difference between an expected J Sustain Res. 2019;1:e190009. https://doi.org/10.20900/jsr20190009 normal and random distribution of the variables and what was observed, which is commonly interpreted as independence between variables [48] . The p values for Pearson's chi-squared test was <0.0001, which can be interpreted as that the variables differed from what would be expected from normal or random data and thus are independent (Appendix A2 shows the contingency analysis table for this statistic). A post hoc test was run to compare PSC user groups as pairs for the same Pearson's chisquared statistic. All of the paired groups also had p < 0.0001, except for the No PSC Use and No PSC group. A chi-squared statistic could not be calculated for the latter two groups because the responses from both the No PSC Use and No PSC groups were the same. The reason for separating these two groups does not come from statistics, but rather from the fact that the households without PSCs had no opportunity to use a PSC as an alternative (hence the No PSC group). However, the households that owned a PSC but chose not to use the PSC did have that alternative and chose not to use their PSCs. The No PSC and No PSC Use groups had different opportunities, although the same end result of no PSC use. All four groups are needed to compare the different choices households made relative to their access to and user behavior choices about whether to or whether not to use PSCs.
The solar energy use for water boiling was calculated using the following two assumptions. First, one standard size teapot is 3.6 liters in volume and 355 kilojoules (kJ) is needed to boil one liter of water. Over 70% of households surveyed in Anding use teapots of this size, shown in Figures 1 and 6A . Second, each household was assumed to boil one teapot of water per day (1281 kJ). On average, the households surveyed boiled between 5.5 liters of water per day in winter and 8.5 liters of water per day in summer, which corresponds to 2 to 3 standard teapots. The solar energy estimated energy use was conservative and likely underestimated the amount of solar energy used because of the assumptions about how much water was boiled using solar stoves. The number of days PSCs were used annually was based on [27] . Table 2 justifies the comparison of these four user groups for differences based on PSC use.
Household Drinking Water Access and Use
None of the 237 households surveyed had running water. Nearly 95% of households had at least one water cellar, where rainwater collects in an underground water storage tank and is pulled up with a bucket or an electric pump. Most households in rural northwest China, including
Anding district, also store water in large ceramic crocks in the kitchen,
where it is ladled out to be boiled for drinking [19] . Thus, water is at room temperature when the boiling process begins.
Seasonal variation
Seasonal differences exist in the quantity of water consumed for drinking. With the exception of the No PSC group, a paired t-test shows a noticeable seasonal difference between summer and winter water use for all PSC groups ( Technologies besides PSCs were required to satisfy all of a household's water boiling needs during cloudy days. Figure 8 shows the number of seasonal stove and fuel combinations (n = 295) used by the households that responded that they used stoves for boiling water (n = 230). Figure 8 also shows two electric appliances used to boil water, electric tea kettles (n = 47) were used in 45 households and water coolers (purifiers)(n = 21)
were used in 20 households. Some households used more than one stove or appliance to boil water. Stoves that burned biomass in summer or all
year were the most common options used by households. Electric tea kettles were the second most common option used by households to boil water. Stoves that burned both biomass and coal in summer were the next most common options used by households followed by water coolers 
Household Energy Use and Costs
Anding households use more than one technology-fuel combination.
These technologies and fuels are a combination of dirty and clean fuels found on the energy ladder. Table 3 shows the total annual average household use of different types of energy in typical units. Coal is the largest source of energy used in Anding households, followed by electricity. The poverty line in China is defined as annual income less than 2100 RMB. In 2010 there were approximately 6.6 RMB to the US dollar [55] . Over 40% of Anding residents were living below the poverty line in 2011 [56] .
Thus, money spent on energy by Anding households represents decision-making and weighing tradeoffs between energy types. Anding households spend more money on coal than any other fuel, followed by J Sustain Res. 2019;1:e190009. https://doi.org/10.20900/jsr20190009 electricity. Figure 9 shows the money spent on different fuel types by each user group. These monetary values include household expenditures for all energy use purposes, including water boiling.
Coal gas purchases differ significantly (defined as p < 0.05) between the No PSC user group and all other user groups. Households without PSCs were found to be more likely to purchase coal gas (Figure 9 ). Coal gas purchases for the No PSC user group were 34.8 RMB per person-year versus zero to 3.3 RMB per person-year for the other user groups. Surveyed Anding district households stated how many days per year they used a PSC, not the total number of hours. As previously discussed, all MJ estimates for solar energy are based on boiling one 3.6 liter teapot of water per day of use, which is much less than average daily water consumption ( Figure 6 ). Summer Only and All Year PSC user groups differ significantly from all other user groups in terms of household renewable energy use.
Household Energy Use
The No PSC Use and No PSC user groups do not differ significantly due to lack of PSC use. 
Cultural Appropriateness
In Anding district and China in general, drinking hot water after it has been boiled is the cultural norm and expectation [14, 57, 58] . Additionally, water boiling is the only water treatment employed for purification. Thus, the practice of boiling water in northwestern China is an important culturally engrained behavior, which not only protects health but also has significant implications for overall household energy use.
Seasonal Differences
Despite very different winter and summer outdoor temperatures, sunlight was sufficient to allow year-round use of PSCs by more than 58% of households surveyed (n = 139) in Anding district. Water use, and thus energy use for water boiling, varied significantly by season. Three out of the four user groups consumed more water during summer than in winter ( Figure 6 ). This difference in seasonal drinking water consumption is likely due to increased dehydration from hotter ambient temperatures in the summer. In wintertime, lower demand for drinking water complements slower boiling times from PSCs due to colder outdoor temperatures in Anding district. The implication of seasonal drinking water consumption differences is that mass adoption of PSCs for yearround use is possible.
Ease of Use
The common user behavior of pouring boiling water into highefficiency insulated heat-retaining bottles after use of any water-boiling method increases the overall efficiency of energy savings from PSCs or other water boiling methods by storing the thermal energy of boiled water for many hours. In addition, retaining water heat through insulation overcomes the problem of the intermittent nature of solar energy [24] , further making it possible to encourage mass adoption of PSCs for water purification through boiling.
Multiple Fuel Use (Fuel Switching Behavior)
Anding households' energy use for boiling fits the multiple fuel model clean cooking technologies to more effectively describe household energy use as illustrated in Figure 2 .
Environmental and Human Health Benefits
Burning solid fuels, such as biomass and coal, generates black carbon (BC) or soot, which degrades air quality, causing serious impacts to both human and environmental health [59] . The substitution of indoor solid fuel combustion with PSC use results in an immediate improvement of indoor air quality. However, the positive impacts of this substitution are not limited to the home and can lead to improved regional environmental impacts as well. Past research regarding south Asia has found that emissions from burning solid fuels in cookstoves are the main source of BC, a likely underestimated component in accelerating climate change [60] over the Indian Ocean [61] . Thus, concern over demand-side clean energy use has led to an increase in the promotion of gaseous fuels and electricity.
However, although electricity used for boiling water in the home does not generate direct emissions within the home, power plant (supply-side) emissions negatively affect human health through poor regional air quality. In most of China, Gansu province included, electricity is largely generated at coal-fired power plants [62] , which create fine particulate matter (PM2.5) correlated with increased incidence of hospitalizations and deaths from respiratory and cardiac disease [63] . Therefore, use of PSCs reduces the combustion of solid fuels at multiple points and thus avoids the negative effects on both human and environmental health inherent in their usage.
Energy Cost Reductions
Use of PSCs to boil water has economic benefits for households in Anding district. A statistically significant reduction in energy costs was found for households that used PSCs year-round as compared to households that did not own PSCs for boiling water ( Table 4 ). Households that use PSCs all year spend less on energy, with an average of 484 RMB/person-year (n = 110). Households that do not have PSCs spend more on energy, with an average of 785 RMB/person-year (n = 32). As suggested by the results of our cross-sectional analysis and shown in Figure 9 , PSC use in Anding has the potential to reduce energy expenditure by an amount significant to annual household income. These potential savings are in part due to the fact that households that do not use PSCs purchase ten times more coal gas. This finding implies that using a PSC can substantially reduce household energy costs, which is important for lowincome regions like Anding district.
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PSC Use in the Broader Context
Parabolic solar cookers have not been easily adopted in many communities despite energy and human health gains [10] . The key to improving indoor air quality through clean cooking technology is not simply a matter of economic development as the energy ladder model suggests. Cultural barriers have significantly limited the use of solar cookers and must be addressed to facilitate more widespread adoption of this technology [29, 30] . Energy poverty involves lack of options, including sustainable energy types [12] . The Anding district household energy survey findings support what other researchers have found in other locations, that as poor households gain access to new energy sources, sustainable or not, they still keep using the familiar energy sources in line with the multiple fuel model [36, 37] . Rather, for households in Anding district, the inclusion of PSCs as part of a multifuel household energy portfolio resulted in more sustainable energy use choices, leading to energy expenditure savings (Table 4 ) and the potential for improved indoor air quality by reducing coal use per person-year ( Figure 9 ). In addition, the majority of Anding district households surveyed owned and used PSCs for water purification by boiling, which is significant because of PSC adoption problems as a clean cooking technology in other regions [10] .
Parabolic solar cookers are an ideal and appropriate technology for purification of drinking water in Anding district because of these factors:
• Cultural: the cultural norm is to drink boiled water hot.
• Climate: there is sufficient sunlight to boil water year-round.
• Environmental: PSCs create no pollutants, thereby preserving indoor and outdoor air quality.
• Geographical: houses and communities are spread far apart, making connected energy and water infrastructure expensive and challenging.
• Socio-technical: centralized water delivery and treatment does not exist.
• Ease of use: heat-insulating bottles are used to retain water heat.
• User behavior: fuel-switching behavior and multiple technology-fuel combinations are used within households to boil water, especially seasonally. [66] and semi-urban India [67] .
CONCLUSIONS
Given that the UN has included access to both clean water and clean cooking options as elements of the SDGs, institutional policies that promote the integration of PSC water purification systems with water projects are recommended in areas where the factors for successful adoption exist. This household energy survey of rural Anding district, Gansu province, China showed that 58% of households surveyed use PSCs for water purification via boiling in summer (12%) or year-round (46%) ( Figure 3) . Analysis of the survey data showed that energy expenditures are lower in households using PSCs year-round to purify water by boiling.
Rethinking Energy Use Models
Energy use in Anding for water boiling demonstrated an and approach instead of an either/or approach to technology and fuel adoption. The and approach fits better with the multiple fuel model description of household energy use that has been observed in other LICs [36, 37] . 
Limitations and Future Directions
This research was limited to PSC use to boil water at the household scale.
For future work, community-scale water projects could feasibly include water purification with PSCs. Many decentralized water supply projects integrate chlorine dispensers at well sites. These projects can fail because chlorine is not replenished due to lack of interest [68] , cost, lack of availability or even lack of capacity due to issues with development project handover to communities [69] . weighing household usage to more accurately estimate the use of different types of biomass as a fuel. Finally, considering whether PSC adoption will be accepted and practiced by different communitiesthat meet some of the criteria identified above is needed to test the limits of mass adoption of PSCs for water purification by boiling and to identify which criteria are essential to as opposed to which criteria may only limit PSC adoption.
Policy implications
Past success of policies and incentives promoting biogas digester adoption in Gansu and other Chinese provinces suggests that government efforts can influence households to purchase and install renewable energy technologies [17] . Li et al. (2009) [44] compared energy types in terms of convenience, household energy cost, and environmental impact for Tongwei and Qin'an districts in Gansu; their findings suggest that promoting solar is a prudent policy approach. The documented success of PSC use for water treatment in Anding district suggests that PSC adoption is a potential environmental and economic win for energy-water nexus problems faced by impoverished rural residents around the world.
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Appendix A3
Anding district receives 3 kilowatt-hours (kWh)/meters squared per day of solar irradiation [71] . The PSC has 1.5 meters squared of area, thus the PSC receives 4.5 kWh per day of solar irradiation in Anding district. Two households responded that they did not know the age of the PSC they owned.
PSC age
